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Introduction
Stricter regulations on aircraft noise have prompted numerous efforts addressing jet noise reduction. One technique receiving renewed attention is the use of 'microjets' (referred to as 'jets'). It evolved from past studies on noise reduction with water as well as gaseous injection and simply involves impingement of tiny secondary jets on to the primary jet near the nozzle lip (Refs. 1 to 13). The concept dates back to the 1950s (e.g., Refs. 12 and 13) provides a literature review covering the five decades since. While a detailed review of past work is not central to this paper, a few pertinent points are important to note.
First, water injection, used routinely in noise suppression for rocket nozzles during launch, requires a large mass fraction (water to jet exhaust mass ratio in the order of unity) (Ref. 11). This is obviously not feasible in aircraft flight where the mass fraction must be kept to an absolute minimum. There is growing evidence that noise benefit with small mass fraction may be possible with higher injection pressures (Refs. 6 and 13) . Pushing this aspect of the technique to its limits, within the facility constraints, is an objective of the present study.
Second, as with some other noise reduction techniques, jets have been shown to produce large effects on supersonic primary jets. This is apparently due to a weakening of shock structure resulting in an attenuation of shock-associated noise. Reference 3 reports up to 6 dB noise reduction, with mitigation of all of Mach wave radiation. A reduction of turbulent mixing noise, as occurring in a high subsonic jet, however, is far more challenging and holds the key to noise abatement in many aircraft. With the jets, a moderate but consistent noise reduction has been observed in high subsonic jets (Refs. 6, 9, 10, and 14) . The scope of the present investigation is limited to the latter flow regime for an unambiguous study of the effect on turbulent mixing noise.
Furthermore, very little has been known about the dependence of the noise attenuation by the jets on the operating parameters. Reference 3 noted a correlation with the momentum flux ratio (J), however, the data were limited. The study pertained to supersonic jets, leaving it unclear how the mixing noise and the shock-associated noise components were individually affected. Results in Reference 14 suggested that J might not be the best parameter to correlate mixing noise attenuation. In this study, an attempt is made to find such correlations and underlying trends in turbulent mixing noise attenuation by the jets, by scrutinizing a collection of experimental data.
The present study was initiated a few years ago in an effort to explore the full potential of the jet effect and advance the understanding of its mechanisms. First, the effect of air jets was explored with variable port geometry and driving pressure while paying attention to estimated thrust and mass fraction requirements. The results were summarized in Reference 14. A key observation was that the reduction in OASPL in the direction of peak noise radiation scaled with the ratio of the density-velocity-diameter product of the jet to that of the primary jet. In following experiments, gaseous CO 2 and liquid H 2 O were also used as working fluid. The limit of jet driving pressure was pushed to twice the value covered earlier. The new results confirmed the scaling law noted in Reference 14 but only for gaseous injection. With water injection, large deviation from the correlation occurred. A normalized pressure parameter was then found to correlate all the data. Even though a complete physical understanding of this correlation remains from being clear, the experimental findings are deemed significant enough to merit documentation. The objective of this paper is to describe these results and provide an analysis and discussion.
Experimental Facility
The experiments were conducted in an open jet facility at the NASA Glenn Research Center ( Fig. 1(a) ). The primary jet issued from a convergent nozzle with exit diameter, D = 37.6 mm. The jets were injected via a ring manifold mounted on the primary nozzle ( Fig. 1(b) ). The surfaces were machined such that when placed all the way in the manifold sat flush with the lip of the nozzle. It was supplied with compressed air from a pressurized source ('K-bottle'). There were six threaded outlets which could be fitted with tiny screws (similar in size as used with eyeglasses). The jets issued from ports and passages machined in these screws. Different sets of screws provided different port geometries. A picture of the manifold, with one of the screws in the foreground, is shown in Figure 1 (c).
Dimensions of the manifold and the ports are shown schematically in Figure 2 (a). Data from cylindrical ports with diameters, d = 0.203 and 0.102 mm will be presented in this paper. The ports were drilled in the brass screws with a tolerance of 0.005 mm. For a given set, the number of ports could be varied by blanking off some of the outlets with 'blind' screws. Each screw could also be turned to inject the jet at a desired yaw angle () relative to the radial direction ( Fig. 2(b) ). The injection pitch angle () was zero in the present experiment. Note that there is a total stand-off distance of 0.89 mm in the radial direction between the port exit and the periphery of the jet, 0.76 mm being the thickness of the nozzle lip. The manifold could also be positioned with a stand-off distance, x, in the axial direction with respect to the nozzle lip.
For the smaller ports in the present experiment the diameter ratio d/D is 0.0027 which is smaller than that in previous studies. For example, the smallest d/D was 0.0038, 0.012, 0.018, and 0.020 in References 5, 4, 6, and 10, respectively. Based on the diameter ratio, the attribute 'microjet' is obviously a misnomer but it has prevailed in the literature. Also, much higher injection pressures, up to 12.3 mPa (1770 psig), were investigated in the present study compared to, for example, 5.6 mPa in References 3 and 14. Note that the spectral data acquisition took about 35 sec during which the bottle pressure would drop by several hundred kPa depending on regulator pressure and port size. Thus, the choice of maximum working pressure was somewhat lower even though bottle pressure up to 14.5 mPa was available, in order to ensure a constant pressure during runs. It should also be noted that the data presented in this paper were obtained in many sessions over a period of several months. The chosen pressure (p  ) for various sets of data was sometimes dictated by available bottle pressure. Thus, the reader may notice some inconsistencies in the choice of p  from figure to figure but this did not impact the conclusions.
The CO 2 injection was done with the same hardware covering pressures up to about 5.5 mPa (limited by liquefaction at room temperature). For water injection, a 1.9 cm i.d., U-shaped, stainless steel tube was placed in the supply line ( Fig. 1(a) ). The 4 m long tube was filled with distilled water making sure there were no air pockets. The column of water was driven by compressed air and the rest of the hardware was unchanged. Unfortunately, clogging occurred with water injection possibly due to some sort of residues depositing within the tiny ports. The problem aggravated with the smaller 0.1 mm ports and impacted data repeatability as discussed later. Water injection data from the 0.2 mm ports only are to be presented.
The exit flow properties of the jets including the mass fraction were calculated from the supply pressure p  and the port diameter, using isentropic nozzle flow equations. The pressure was measured at the regulator just downstream of the K-bottle. With the larger ports there was a pressure drop in the supply line, as determined by separate measurements, by about 10 percent. All pressures (p  ) were corrected to represent the pressure within the manifold. Some of the data from the literature, to be compared with in the following, involved direct measurement of the mass fraction m. The pressure p  and other exit properties for these cases were calculated from the m data using the nozzle flow equations. Note that in all calculations boundary layer effects were neglected, i.e., the discharge coefficient was assumed unity.
The far-field noise was measured with (B&K model 4135) microphones located at 37 and 50 D from the nozzle exit for  = 90° and 25°, respectively. The microphone angular location  is referenced with respect to the downstream jet axis in this paper ( Fig. 2(b) ). Most of the data presented are for  = 25°, the direction of peak noise radiation. The spectral data reported earlier in Reference 14 were obtained with a Nicolet 660B analyzer. Later, the data acquisition was done by a PC based system together with National Instruments hardware and Labview software. Spectral analysis was done digitally and the OASPL data were obtained by integration of the spectra. Figure 1 (a) indicates that the test environment was less than ideal for noise measurement. However, a comparison with data from other facilities showed that the spectral amplitudes were within a facility-to-facility scatter band of about 2 dB (Ref. 15) . The data quality is considered adequate for studying the effect of the jets relative to the baseline (no-jet) case. Note, however, that the differences in the OASPL values in some cases bordered on the limits of data repeatability. The test chamber was climate-controlled and care was taken to ensure best possible measurement conditions. The data for the baseline as well as a few other cases were repeated several times over a period of several months. The scatter in the OASPL values is discussed shortly in the following sections.
Standard Pitot probe and single hot-wire techniques were used to measure centerline variation of flow properties. Caveats in these measurements will be discussed together with the results. Flow visualization pictures were obtained for the water injection case. All data acquisition, activation of the jet and setting its pressure as well as flow visualization were done under remote computer control. All results presented in this paper are for cold flow, i.e., with the total temperature the same everywhere as in the ambient.
Results
For the earlier results reported in Reference 14, the jet parameters were varied within the constraints of the experimental facility, while looking for maximum noise reduction. Noise spectra were compared while varying injector yaw, arrangement, number, geometry, etc. Key results are narrated here and an interested reader may find details in the cited paper. It was found that yawing the jets improved noise reduction relative to the case of radial injection; this is discussed further with Figure 3 . In one arrangement, the yaw angle was alternated (positive and negative) for successive ports. The noise reduction with this geometry was smaller compared to that produced by six ports yawed in the same direction. Reducing the number of ports from six to three approximately halved the OASPL reduction at  = 25°. Reference 10 reported optimum noise reduction with 18 ports when the number of ports was varied from 3 to 36. In fact, their OASPL reduction data (in dB) exhibited almost a linear variation with n, up to 18. This trend will be invoked when comparing the present results with data from the literature. Figure 3 shows an important result from Reference 14. OASPL reduction is plotted as a function of the yaw angle. The circular symbols are for the 0.2 mm ports with p  = 3410 kPa. For each data point, all six ports are yawed by the same angle (). The optimum reduction has occurred at  = 45°. The three diamond symbols are for the 0.1 mm ports with p  = 6930 kPa. The calculated mass fraction and thrust of the jets as well as momentum flux ratio for the two port cases are listed in Table 1 . First, it is observed that for both ports a small additional reduction has been achieved with yaw relative to the zero-yaw case. For the smaller ports the optimum has occurred at  = 25° as compared to 45° with the larger ports. This shift is likely to be due to the stand-off distance between the port exit and the periphery of the jet ( Fig. 2(a) ). At 45° yaw, with the smaller port, the jet has to travel a longer relative distance (about 18 d, including the estimated shear layer thickness) before impinging on the core of the jet. Thus, the impact is diminished because of turbulent diffusion of the jet. This also explains the rapid drop-off of the effect for  > 45° with either port cases. It is evident that the noise reduction has improved with the smaller ports. By inspecting the properties listed in Table 1 , the following trend is noted: smaller ports with higher pressure, involving less jet mass fraction and thrust, can produce better noise reduction. Thus, for radial injection ( = 0°) an additional 0.4 dB reduction has been achieved with the smaller ports. This is achieved with 50 percent less mass fraction and thrust. This trend is confirmed with further data in the following.
Except for Figure 3 , all data presented in this paper were obtained subsequent to the experiments of Reference 14. All results from the literature, to be discussed in the following, pertained to zero yaw.
Thus, for direct comparison the subsequent experiments were also done for zero yaw, foregoing the additional gain noted for   45°. Figure 4 shows the effect of injection location, x ( Fig. 2(a) ). OASPL data for  = 25° are shown with and without injection from six 0.2 mm ports at p  = 4175 kPa. For no-injection, the level has not changed with varying x except for some scatter and an average line is drawn through the data. With injection (diamond symbols) the levels are lower. Difference from the average line for the no-injection case denotes OASPL reduction. For x = 0 (manifold face flush with nozzle lip), a reduction by approximately 1.5 dB has been achieved. However, with even a slight increase in x, the reduction drops significantly. Norum (Ref. 4) also noted an increased noise reduction when the injection was done closer to the nozzle; however, his experiment addressed effect on shock-associated noise and involved large steps in the axial location of the injectors (in fractions of D rather than d). In Figure 4 the reduction is seen to level off for x > 1 mm. For larger x, the primary jet adjusts to the cylindrical passage of the manifold that effectively becomes the nozzle for the ensuing jet of slightly larger diameter. Since the jets are injected just downstream of the manifold face the relative injection location for this larger jet remains unchanged. This apparently explains the leveling off of the amplitude.
It should be mentioned here that the data of Figure 4 were actually obtained at the very end of the investigation but are shown first to also provide the reader with an idea about the scatter involved (the issue is further discussed at the end of Section 3.1). Data taken over several days are shown in Figure 4 exhibiting a scatter band of about 0.4 dB. However, the sets of OASPL reduction results to be presented in the following were obtained in single runs each and are thought to involve much less scatter, within 0.2 dB. Note that all subsequent results are for x = 0.
Noise Attenuation at  = 25° and Correlation With Operating Parameters
The most significant result of the investigation is introduced in Figure 5 and it calls for a step by step discussion. The OASPL reduction at  = 25° is shown as a function of mass fraction per injector in percent. First, let us focus on the data points bunched on a line on the left (diamond, right-and lefttriangle symbols). These are for six 0.1 mm ports, the diamond symbol being for CO 2 injection and the other two for air. The diamond and right-triangles are for injection at a fixed M J (= 0.95) with variable p  while the left-triangles are for a fixed p  (= 7000 kPa) and variable M J . These data are congruent and the observed OASPL reduction is simply a function of the mass fraction for the given port diameter. Next to these on the right is another set of data for six 0.2 mm ports (circle, gradient and delta symbols). Here, the circles (CO 2 ) and the gradients (air) are for injection with variable p  at M J = 0.95, while the deltas (air) are for variable M J with p  = 5130 kPa. As with the 0.1 mm ports, the data are also congruent. In spite of two working fluids the noise attenuation is dependent only on the injection mass fraction, for a given port diameter. By drawing a vertical line through these two sets of data it is also evident that more noise reduction is achieved with the smaller ports for a given mass fraction, corroborating the result discussed with Figure 3 .
Also shown in Figure 5 are a few sets of data from the literature. Let us first consider the air injection cases. The data from Reference 10 (denoted 'CSJB') were approximately read off from their Figure 13 . Reference 6 (denoted 'AKSL') quoted about 2 dB decrease in OASPL at  = 30°. These data are shown and identified in the legend. Note that both experiments are for cold flows and air-in-air injection in high subsonic jets, as in the present case. Table 2 compares the operating parameters. In both References 6 and 10, 18 jets were used as opposed to 6 in the present experiment. In order to make a proper comparison, first one needs to consider the amplitudes. The collection of data involves different number of jets, observation angle, primary jet Mach number as well as pitch angle ( = 0° in the present case versus 45° in the others). Unfortunately, the available database is not enough to understand and fully account for the differences in the effects of these parameters. It appears that by far the largest effect is due to the difference in the number (n) of jets. As stated in the foregoing, Reference 10 reported almost a linear variation of OASPL reduction with n, up to 18. The OASPL values, for six versus three ports, reported in Reference 14 also followed this trend. Thus, if 6 jets were used instead of 18 in the two cited experiments, one might expect the reductions to be approximately 3 times smaller. This rule has been followed in presenting those data in Figure 5 . Additional effects due to differences in pitch (), jet Mach number (M J ) and polar location () are ignored. While the latter parameters may affect the amplitudes somewhat, it should become evident shortly that the 'collapse' of the data hinges largely on the choice of the abscissa and exact scaling of the amplitudes may not be critical in the exercise that we embark on in the following.
Upon an inspection it should be evident that all three curves from 'CSJB' exhibit a peak followed by a dip and then again an increase with increasing r m . (An interested reader may look up either Reference 10 or 14 to see these trends clearly with an amplified vertical scale.) The authors reasoned that the dip occurred when the jet transitioned from subsonic to supersonic regime. Specifically, the dips occurred just past the condition where the jets became supersonic when additional shock associated noise from themselves caused a drop in the measured noise reduction. However, with further increase in r m eventually the trend of increasing noise reduction resumed. The present data do not exhibit such peaks and dips. This is simply because the jets are supersonic for the entire parametric range covered.
The solid symbols in Figure 5 are for water injection. The gradient data points are taken from Reference 4 that reports a detailed study covering subsonic and supersonic primary jets including high temperature effect. Two types of injection (spray versus jet) were explored while varying the number of injectors. Here, data for a condition close to the present case are compared-six injectors for a cold primary jet at M J = 0.8 (case 'J2/06/45'). The raw directivity data (30° <  < 135°), kindly provided by the author, showed noise reduction at most angular locations with some scatter. Data for  = 32.5° are shown. As stated in Section 2, while the mass fraction for the present experiment was estimated from the driving pressure, it was measured directly in Reference 4 as well as Reference 10. On the other hand, while p  was measured directly in the present experiment it was deduced from the mass fraction data for the cited cases. The solid triangular symbols in Figure 5 represent water injection result from the present experiment. These fall to the left of the data of Reference 4. Since Reference 4 involves much larger ports (1.6 mm), it can be inferred that water injection with the smaller (0.2 mm) ports has also yielded better noise reduction at a given r m , in a similar manner as seen with the gaseous injection cases. It is also noted that the data for water and gaseous injection from the present experiment, with the same set of (0.2 mm) ports, are separated by an order of magnitude in the abscissa. Clearly the noise reduction does not depend on the parameter r m alone. Neither would the data 'collapse' if plotted as a function of the total mass fraction (m = r m xn). For example, the present air-injection data falling to the left of the data from References 6 and 10 would move further to the left since only 6 ports are used as opposed to 18 in the latter cases.
An attempt is made to explore if a certain combination of parameters would collapse the data of Figure 5 , with the expectation that such an exercise might provide insight into the scaling as well as the underlying mechanism. The data are plotted and compared with various parameters for the abscissa. In order to make a 'fair' comparison the abscissa scales in all plots are chosen to span 4 decades. Figure 6 shows the result as a function of the ratio of density-velocity-diameter product. It is apparent that all the gaseous injection data have collapsed reasonably. This was a key observation in Reference 14 that is confirmed with a larger variation in p  and an additional working fluid for the jet. It is also immediately clear that the water injection data have not followed the correlation. In Figure 7 , the data are plotted as a function of the thrust fraction. Here, T µ represents calculated total thrust of the jets. Clearly, the data are far from collapsed. Similarly, a lack of collapse is noted when the data are plotted as a function of the momentum flux ratio J (Fig. 8) ; the effect of J will be further discussed in Sections 3.4 and 3.5. Similar exercise with velocity ratio, U  /U j , velocity-density product ratio,   U  / j U j , or the quantity r m /d 2 (as explored in Reference 10) failed to produce a reasonable collapse.
The best collapse occurred when the data were plotted as a function of the ratio of the driving pressures normalized by the ratio of the diameters, as shown in Figure 9 . Practically all data now fall in a continuous band. Thus, the noise reduction appears to correlate with the parameter p  d/p j D. Note that the database for reaching this correlation pertains to high subsonic jets and in the direction of peak noise radiation. Thus, the correlation applies to turbulent mixing noise reduction.
As stated before, for comparing the relative collapse, the data in Figure 9 are shown with the abscissa spanning four decades. Thus, the curves are squeezed together and might hide finer trends. In Figure 10 , the same data are examined with an expanded linear abscissa. There are conspicuous differences among the different sets; however, no clear trend is apparent. The water injection data from the present experiment exhibit the largest deviation. The lower amplitudes for this case are thought to be partly due to the clogging of the ports as discussed in Section 2. Some of the data points within this set are repeats from later runs and exhibit the largest scatter. Ignoring this set, the rest of the data fall within a cluster that could be represented by a linear correlation,
where I is OASPL reduction at a shallow angle. Note again that p  d/p j D applies to the condition for each jet and I represents noise reduction achieved by using six jets.
With regards to the repeatability of the data, referring back to the discussion of Figure 4 , it should be noted that after the water injection experiment discrepancies occurred even with air injection when trying to repeat some measurements. Although the injectors were cleansed in ultrasonic baths, the amplitudes especially with the 0.1 mm ports were lower. The larger ports could be restored mechanically by inserting a drill bit under microscope but this was not possible with the more fragile drill bit for the smaller ports. A new set of injectors was fabricated but it turned out that the stand-off distance of the ports was different, (  0.25 instead of 0.13 mm; Fig. 2 ), and the results could not be reproduced. However, the basic trends in the relative amplitudes remained valid. These deliberations prompted the experiment described with Figure 4 . Subsequent flow-field experiments described in Section 3.3 were conducted only with the 0.2 mm ports.
Noise Attenuation at  = 90° and Self Noise From jets
In previous investigations, the noise reduction by the jets was noted at shallow as well as large angles. This is seen from the directivity plots of References 4 and 5 for high subsonic jets and Reference 3 for imperfectly expanded supersonic jets. In the present experiment data were acquired only at 25° and 90°. While the 25° data, discussed so far, exhibit consistent noise reduction the results for 90° are mixed. This can be seen in Figure 11 where data for 90° corresponding to the present cases of Figure 10 are plotted. The magnitudes are small exacerbating the scatter. Nevertheless, overall trends can still be discerned. For smaller values of p  d/p j D, there is a noise reduction (positive ordinates) but at higher values many of the cases exhibit a noise increase (negative ordinates).
It is noteworthy that most of the data from the literature pertain to lower values of p  d/p j D. In Reference 5, for example, noise reduction was shown to be practically uniform over all  in two different facilities. With p  = 17.2 bar and d/D  0.0075 for either facility, p  d/p j D turns out to be 0.075. At this abscissa value a reduction in the noise is also indicated in Figure 11 for all cases. Thus, it is possible that the noise increase at  = 90° may be characteristic of operation at high p  d/p j D.
At the highest value of p  d/p j D  0.16 in Reference 4, the directivity data also showed a noise reduction practically over all  (private communication). At corresponding location in Figure 11 , the gaseous injection cases exhibit a noise increase. However, the present water injection data also exhibit a noise reduction (solid delta symbols). It was shown earlier in Reference 14 that with air injection often there is an increase in high frequency noise even though there was a reduction at lower frequencies and in OASPL. Comparison of spectra for water and air injection suggests a difference in the high-frequency 'crossover'. This is shown by the spectra in Figures 12 and 13 . The injection pressure was p   4500 kPa for both air and water and the OASPL reduction at 25° was about the same. While the effect at low frequencies is similar there is a clear difference on the high frequency end. A crossover occurs under air injection but none with water. A similar observation is made from the 90° data in Figure 13 . It appears that the high frequency crossover is at least partly due to self noise from the jets. With gaseous flow the jets are in highly underexpanded supersonic condition and noisier. Comparatively, with water the flow is incompressible and there are no shocks or shock-associated noise. The self noise of the air jets is illustrated in Figure 14 illustrating elevated levels in the frequency range where the crossover takes place. Note, however, that simply a vector summation of the self noise with the baseline noise does not account for the total increase in the amplitudes. It appears that the flow interactions generate further high frequency noise which, intriguingly, is absent with the water injection.
Flowfields
A few aspects of the flowfield are now explored. Figure 15 shows pictures of the jet with water injection. In Figure 15 (a), six 0.2 mm jets are injected at p  = 3200 kPa. The individual jets can be seen near the nozzle that fills the core of the jet by about two diameters downstream. Subsequently, a jet of mist remains visible over a distance of tens of diameters. The trajectories of the jets in the vicinity of the nozzle were explored. Five of the ports were closed off and only one port was allowed to inject. The flow field was photographed with a camera-angle of 15° with respect to the nozzle exit plane; an example is shown in Figure 15(b) . The trajectories of the outer edge of the jet were read off from the pixel counts in the digital pictures. Appropriate correction for the viewing angle was applied. The trajectories are shown in Figure 16 for different injection pressure (mPa), indicated in the legend. The lines through the data are 'power function' curve-fits. As expected, an increasing penetration with increasing p  is evident. Note that even at the highest p  (= 10.6 mPa) the jet is far from 'piercing' the primary jet. The jet centerline is at y/d = 93.
The penetration of the jet into the primary jet may be compared to available correlations for jet-in-acrossflow. A set of data for J = 20 is shown in Figure 17 . The (red) dotted curve represents text book correlation for subsonic air-in-air injection, y/d = J 0.33 (x/d) 0.43 (Ref. 16) . Note that a similar correlation was found to apply even with supersonic jets injected in supersonic crossflow (Ref. 17) . Obviously, the water jet does not follow this correlation. The mixing rate of a liquid jet in a gaseous medium is slower, yielding much deeper penetration. The dashed curve for liquid-in-air injection follows the equation, y/d = 1.55J 0.53 ln[1 + 1.66(x/d)], given in Reference 18. The present data are reasonably close to this curve.
The correlations noted above should also apply to the 0.1 mm port case. For J = 20, the value of p  d/p j D with the 0.1 mm port is one-half of that with the 0.2 port (0.038 as opposed to 0.077). Conversely, for a constant p  d/p j D, the value of J is double with the smaller port. Using the correlation of Reference 18, the penetration at a fixed downstream distance of x/D = 0.5 can be calculated. For the 0.2 mm port with J = 20 the penetration is y/D = 0.207, whereas for the 0.1 mm port with J = 40 it would be y/D = 0.169. Since p  d/p j D remains the same, this suggests that a given noise reduction may be achieved with different jet penetration depending on the port size. In other words, a larger noise reduction may not necessarily be due to a higher penetration of the jet.
Pitot probe surveys were conducted along the centerline of the jet. The data were converted to velocity assuming the static pressure to be the same as the ambient pressure. The results are shown in Figure 18 . For the case without jets, a detailed profile was obtained under computer control. With the jets, only a few data points were acquired manually in order to conserve the bottle pressure. Two sets of data are shown with the pressures indicated in the legend. With jet injection a faster centerline decay of mean velocity is apparent; higher pressure causes faster jet decay.
A hot-film probe (TSI 1260-20) was used to measure the centerline variations of turbulence intensities. Note that in compressible flow a hot-wire responds to a combination of velocity and density fluctuations (with the high overheat ratio of 1.5 it is relatively insensitive to temperature fluctuation). First, variations in mean ρu are shown in Figure 19 . These profiles correspond to the conditions of Figure 18 and exhibit distinct differences. The 'potential core length' for the baseline case turns out shorter with the hot-wire data. The Pitot probe velocity calculation assumes a constant ρ that actually decreases with downstream distance relaxing to ambient level after several jet diameters. Moreover, the static pressure close to the nozzle usually is not the same as in the ambient-an assumption also made in the velocity calculation. On the other hand, the hot-film, which is calibrated against the plenum pressure by placing it at the nozzle exit, has its own problems. Besides sensor breakage in the high-speed flow, problems such as strain-gauging is often encountered that, in particular, affects the turbulence data. Nevertheless, the ρu data from the hot-wire are thought to be well represented whereas the 'U' data from the Pitot probe clearly have errors primarily due to variation of ρ with x. In Figure 19 , the jet decay with the jets at the lower pressure is found to be practically indistinguishable from the baseline case. However, at the higher pressure, a trend similar to that noted in Figure 18 is observed.
The root mean square (rms) fluctuation of ρu is shown in Figure 20 . Relative to the baseline case, a distinct reduction in the turbulence is noted for both injection cases. A larger reduction in the peak level has taken place at the higher pressure. The turbulence data are commensurate with observations made by Arakari et al. (Ref. 6) using particle image velocimetry. As noted in that reference, the jets apparently disrupt the evolution of the large scale coherent structures causing a reduction in turbulence intensities that is accompanied by a reduction in jet noise.
A Few Implications of the Results
Recall that the parameter p  d/p j D collapsed all data and the gaseous injection data also collapsed equally well with the parameter   U  d / j U j D. Also, by comparing Figures 6 and 9 it can be seen that the abscissa value for a given level of OASPL reduction with the gaseous cases is almost identical in the two figures, i.e., p  d/p j D   U  d / j U j D. Let us examine this. Starting with compressible flow equations for pressure, temperature, and the equation of state, one can derive,
Here,  j , U j , and M ej are density, velocity and Mach number at the exit of the primary jet, p j is the total pressure driving the primary jet. (Note that the subscript 'e' is dropped for the exit values of  and U for convenience). Using corresponding equation for the jet and assuming air-in-air injection one finds, 
At lower values of M J ,   U  d / j U j D becomes slightly larger than p  d/p j D. For example, at M J = 0.95 and 0.7 the ratio of the two parameters for air can be calculated from Equation (3) as 1.002 and 1.094, respectively. Thus, for the high subsonic jets considered here the two parameters are nearly equal. This is why the abscissa values for the air injection cases are almost identical in Figures 6 and 9 . For CO 2 injection, with k = 1.3 and M J = M e = 1, one finds,
Thus, there is not much difference between the two parameters for CO 2 injection either. With water injection, on the other hand, the flow is incompressible and the relationship changes. With,
one can find,
Where,
For a given primary jet, C 1 is a constant. Thus, in contrast to Equations (3) to (5) , the LHS of Equation (7) involves velocity-ratio-squared. Therefore, given that the data collapse with p  d /p j D, a deviation occurs with the water injection data when plotted as a function of   U  d / j U j D (Fig. 6 ).
With regards to the dependence of the effect on J the following may be noted. For air-in-air injection, starting with Equation ( Figure 5 were plotted as a function of Jd/D the cases for air (as well as CO 2 ) would collapse while the water injection data would still remain separated. However, the separation would be only by a factor of about 0.37 and not by an order of magnitude as seen in Figure 6 . The fact that the data would collapse with Jd/D once again implies the following. Depending on the port diameter, the same noise reduction would be achieved at different values of J. Since the trajectory of the jet is a unique function of J, one infers that the noise reduction may not be a direct function of the jet penetration.
Why is there a collapse of the data with p  d /p j D? Why is the noise reduction (I), for a given primary jet, scale with p  d? Unfortunately, the basic mechanism for turbulent mixing noise generation is not yet completely understood. Therefore, an understanding of the noise reduction with the jets remains even farther from being clear. In passing, one may note the following. For subsonic jets, experimentally it is known that OASPL (I) at a shallow angle scales as M J 9.5 (e.g., Reference 19) . Let us assume that the effective Mach number of the primary jet has dropped by M under the influence of the jets. With I = C 2 M J 9.5 , where C 2 is a constant, one can show,
Thus, if p  d were to reduce the jet Mach number by M, the noise reduction by I would be reconciled via Equation (10) . If and why p  d might cause the jet Mach number to drop by M remains unclear. The present as well as earlier measurements of Reference 6 indicate a clear reduction in jet turbulence under the influence of the jets. This perhaps is the most direct connection to the observed noise reduction. It is needless to reiterate that a full understanding of the noise reduction mechanism is considered beyond the scope of the present study.
Finally, let us examine some practical implications. Recall that smaller ports with higher pressure, involving less mass fraction and thrust, produce better noise reduction. First, with the observed scaling with   U  d / j U j D for the gaseous injection, this is readily reconciled. Say, d/D is decreased and the pressure is increased such that the parameter   U  d / j U j D remains a constant. Since d/D has been decreased, mass fraction (=   U  d 2 / j U j D 2 ) also has decreased. Thus, with a smaller mass fraction the same noise reduction is achieved since   U  d / j U j D has been kept constant. Pushing this trend to extremes in applications, however, would have obvious limits. Perhaps, injector diameter less than 0.5 mm is not practical. Let us now consider the applicability of air injection to realistic engine conditions. Consider a 0.91 m (3-ft) diameter nozzle with hot flow at 593 °C (1100 °F). If one uses 18 ports with d = 0.5 mm,   U  d / j U j D = 0.06, (yielding 2.2 dB OASPL reduction per Equation (1) and recalling that it is for six injectors), would be achieved at about p  = 11.2 mPa (1600 psig). With a compressed air reservoir of volume 0.0283 m 3 (1 ft 3 ), if one starts with 15.3 mPa (2200 psig), estimates show that the supply, that would have lasted 40 min in the model scale experiment (with eighteen 0.1 mm ports to yield the same amount of noise reduction), would be exhausted in about 35 sec. Obviously such a supply will not be adequate in practice and an alternative source will be required. It might be possible to have a small auxiliary compressor to provide high pressure at the small flow rates. Perhaps, the technique will work better in conjunction with other devices such as tabs/chevrons (Ref. 20) . Periodic injection with small duty cycle, if effective, might cut down the flow-rate requirement drastically. As a noise reduction technique, the potential of jet injection would obviously require some further exploration and research.
Conclusions
The effect of jets injected from ports of different geometry on the radiated noise from a subsonic primary jet has been studied experimentally. Air, CO 2 and water were used as injection fluid while driving pressure up to 12.3 mPa was covered. A clear noise reduction is observed that improves with increasing jet pressure. It is found that smaller diameter ports with higher driving pressure, but involving less mass fraction and thrust, can produce better noise reduction. The results are examined in combination with air-as well as water-injection data from the literature. It is found that OASPL reduction at a shallow angle correlates with the ratio of jet to primary jet driving pressures normalized by the ratio of the corresponding diameters (p  d /p j D). When all data are plotted as a function of this parameter they collapse reasonably well. The OASPL reduction (in dB) in such a plot increases almost linearly with this parameter and a correlation equation is provided.
While p  d /p j D collapses all data, the parameter   U  d / j U j D is found to be equally effective for the gaseous cases. The water injection data, however, deviate from the gaseous cases when plotted as a function of the latter parameter. An analysis shows that for high subsonic primary jet and choked jets, the two parameters are nearly equal for the gaseous cases. With incompressible flow for the water jets, on the other hand, the two parameters are not equal. Thus, given that the data collapse with p  d /p j D, a deviation is noted for the water case when plotted as a function of
The scaling with p  d /p j D is observed towards the jet's downstream direction and thus applies to turbulent mixing noise attenuation. At a measurement location perpendicular to the jet axis, the result is mixed and often an increase in the noise is noted. The collection of data suggests that the increase occurs at large values of p  d /p j D with the gaseous cases. Spectral analysis show that there is actually noise reduction at lower frequencies while a 'crossover' takes place at high frequencies, similar to observations made in previous studies with other devices such as tabs and chevrons. The increase in the high frequency amplitudes may offset the gain at low frequencies causing a net increase in OASPL. For water injection, on the other hand, no such high frequency crossover occurs and the attenuation in OASPL is observed throughout the parameter range. Spectra taken with air jets alone suggest that the high frequency crossover is at least partly due to self noise from the jets. The jets are in a highly underexpanded condition and apparently shock-associated noise adds to the total noise. For incompressible flow with water jets there is no shock-associated noise and, thus, no crossover at high frequencies.
Centerline velocity surveys made with a Pitot probe as well as a hot-film probe exhibit jet decay commensurate with the noise reduction at shallow angle. That is, larger noise reduction at higher p  d /p j D is accompanied by faster jet decay. A physical basis why the noise reduction data correlate with the parameter p  d /p j D remains unclear. A connection is seen from the flow data in that the jets substantially reduce jet turbulence. With increasing p  d /p j D the centerline turbulence profiles exhibit decreasing peak amplitude that is accompanied by larger reduction in the mixing noise. Finally, possible application potential of the technique is discussed. 
